Metastasis involves the spread of cancer cells from the primary tumor to surrounding tissues and to distant organs and is the primary cause of cancer morbidity and mortality. In order to complete the metastatic cascade, cancer cells must detach from the primary tumor, intravasate into the circulatory and lymphatic systems, evade immune attack, extravasate at distant capillary beds, and invade and proliferate in distant organs. Currently, several hypotheses have been advanced to explain the origin of cancer metastasis. These involve an epithelial mesenchymal transition, an accumulation of mutations in stem cells, a macrophage facilitation process, and a macrophage origin involving either transformation or fusion hybridization with neoplastic cells. Many of the properties of metastatic cancer cells are also seen in normal macrophages. A macrophage origin of metastasis can also explain the long-standing "seed and soil" hypothesis and the absence of metastasis in plant cancers. The view of metastasis as a macrophage metabolic disease can provide novel insight for therapeutic management.
II. MODELS OF METASTASIS
A difficulty in characterizing the cellular origin of metastasis comes, in large part, from a dearth of animal models that show systemic metastasis involving bone marrow and multiple organ systems. 5, 14 Tumor cells that are naturally metastatic should not require intravenous injection to initiate the metastatic phenotype. The key phenotype of metastasis is that the tumor cells spread naturally from the primary tumor site to secondary locations. Systemic metastasis occurs for the VM-M3 tumor from any implantation site when grown in its natural immunocompetent and syngeneic VM mouse host (Fig. 1) . Numerous investigators, however, use intravenous tumor cell injection models to study metastasis. 14 While these models can provide information on tumor cell survival in the circulation, it is not clear if this information is relevant to survival of naturally metastatic tumor cells. If the tumor cells evaluated in animal models are not naturally metastatic, it is not clear why they would be used as models of metastasis in the first place. 14 Unnatural models of cancer metastasis can provide misinformation on the nature of the disease. 14 According to Yuri Lazebnik, much of what is known about metastasis comes from model systems that have more in common with benign tumors than with metastatic carcinomas. 5 If the models used to understand the nature of metastases do not accurately model the phenomenon, then the lack of progress in managing metastases should not be surprising. 14 The in vitro models have shortcomings in that they do not replicate all of the steps required for systemic metastasis in vivo. Migration of cells into scratches or in Boyden chambers might or might not be related to the phenomenon seen in vivo. 14 Few investigators have linked the migratory behavior of tumor cells seen in the in vitro invasion assays with the invasive and metastatic behavior of these cells in the natural in vivo host. We found that the invasive behavior of the CT-2A mouse glioma seen in vitro was not associated with widespread invasion or metastasis when grown in vivo. 14, 15 Although the major steps of metastasis are well documented, the process by which metastatic cells arise from within populations of non-metastatic cells of the primary tumor is largely unknown. 3, 7, 16, 17 It would therefore be helpful to highlight current views on the cellular origin of metastasis.
III. ORIGIN OF METASTATIC CANCER CELLS

A. Epithelial to Mesenchymal Transition (EMT)
The EMT posits that metastatic cells arise from either epithelial stem cells or differentiated epithelial cells through a step-wise accumulation of gene mutations that eventually transform the epithelial cell into a tumor cell with mesenchymal features. 8, 9, 14, [18] [19] [20] [21] [22] This idea comes from findings that many cancers arise in epithelial tissues where abnormalities in cell-cell and cell-matrix interactions occur during tumor progression. Eventually, neoplastic cells emerge that appear as mesenchymal cells which lack cell-cell adhesion, are dysmorphic in shape, and eventually spread to distant organs. 7, 18, 19 How does this extremely complicated phenomenon actually happen?
The idea for the EMT arose from attempts to draw parallels between the behavior of normal cells during metazoan morphogenesis and the behavior of cancer cells during tumor progression. 9, 14, 18 Adaptation of the EMT into the gene theory of cancer suggested that metastasis is the endpoint of a series of genomic alterations and clonal selection. This then provided the neoplastic cells with a growth advantage over normal cells. 19, 22, 26, 27 It is difficult to understand how a collection of gene mutations, many of which are random and deleterious, could produce cells with the capacity to detach from the primary tumor, intravasate into the circulation and lymphatic systems, evade immune attack, extravasate at distant capillary beds, and recapitulate epithelial characteristics following invasion and proliferation in distant organs. This would be quite a feat for a cell with a disorganized genome. 14 The recapitulation of epithelial characteristics at distant secondary sites is referred to as the mesenchymal epithelial transition (MET) and is thought to involve a reversal of the changes responsible for the EMT. 9, 18, 19 No clear explanation has appeared on how the genomic instability and multiple-point mutations and chromosomal rearrangements responsible for the neoplastic mesenchymal phenotype could be reversed or suppressed when the tumor cells recapitulate the epithelial phenotype at distant sites. 14 If many of these genomic changes are not reversed, how is it possible that they could be responsible for EMT in the first place?
Our recent studies in the VM mouse model of systemic metastasis suggest that random mutations and EMT are not required for the origin of metastasis. 14, 28 The massive complexity associated with the EMT hypothesis is largely man-made, especially in attempting to describe the phenomenon as a gene driven process. 9, 14, 18, 19, 23, 29 If one looks closely, many of the gene expression profiles observed in metastatic cancers are similar to those associated with the function of macrophages or other fusogenic cells of the immune system. 7, 30, 31 Moreover, many gene changes associated with EMT can also be found in most non-metastatic benign tumors. 5, 29 Accumulating evidence suggests that cancer is not a genetic disease, but is rather a metabolic disease involving respiratory insufficiency with compensatory fermentation. 14 The genomic instability seen in tumor cells arises as a downstream epiphenomenon of the underlying metabolic defects. Credible mechanisms of cancer metastasis must therefore be framed in light of the underlying origin of cancer as a mitochondrial respiratory disease. 14 The EMT/MET hypothesis has yet to do this.
B. Stem Cell Origin of Metastatic Tumor Cells
Several investigators hold that metastatic cancer cells arise from populations of tissue stem cells. [32] [33] [34] Most tissues contain cells in semi-differentiated states that can replace dead or damaged cells due to natural wear and tear. 14 These undifferentiated or semi-differentiated cells are often referred to as tissue stem cells and are considered by many to be the origin of metastatic cancers. 23, 32, 35, 36 Similarities in gene expression and biological characteristics are often seen in stem cells and cancer cells. 37 Observations that tumor cells express characteristics of undifferentiated stem cells come from the fact that embryonic stem cells and tumor cells can use anaerobic energy (fermentation) for metabolism. 14 Telomerase activity, which is generally higher in tumor cells than in normal cells, is also linked to fermentation energy. 14 It is therefore not surprising that numerous genetic and biochemical phenotypes are shared between tumor cells and stem cells, as most tumor cells also use energy from fermentation for their survival and growth.
As stem cells are known for their ability to proliferate and migrate during tissue morphogenesis and differentiation, it was reasonable to assume that genetic damage to stem cells could give rise to metastatic cancers in various tissues. 20, 32, 37 However, many tumor cells with stem cell properties do not express systemic metastasis. Indeed, many of the chemically-induced brain tumors we developed in mice over the years express stem cell properties, but do not display extensive invasion or metastasis when implanted in subcutaneous locations or in various organs. 14, 15, 38, 39 Many of the human xenograft tumor models rarely show systemic metastasis when grown in the immune compromised mouse host despite expressing several of the Hanahan and Weinberg cancer hallmarks. 14, 40 The origin of glioblastoma from stem cells alone is now questioned. 41 While metastatic cancers can express properties of stem cells, expression of stem cell properties is not synonymous with expression of distant invasion and metastasis. Tumors derived from hematopoietic stem cells, however, may be an exception. 33 Hematopoietic stem cells can give rise to myeloid cells, which we consider the origin of most metastatic cancers. 28, 39 We found that only those mouse tumor cells expressing characteristics of macrophages showed systemic metastasis. 14, 28, 39 
C. Macrophage Facilitation of Metastasis
It has long been recognized that many malignant tumors contain significant numbers of macrophages and other cells of the stroma. 37, [42] [43] [44] [45] [46] [47] [48] [49] The macrophages present in tumors are generally referred to as tumor-associated macrophages (TAM). TAM can establish the premetastatic niche, while enhancing tumor inflammation and angiogenesis. [50] [51] [52] In other words, TAM facilitate the metastatic cascade (Fig. 3) . While gene mutations are still thought to initiate neoplasia under this model, it is the stromal macrophages acting as cellular chaperones that facilitate tumor development, progression, and the eventual seeding of metastasis. 37, 42, 44, 50, 53, 54 The stromal TAM are viewed as essential participants in all phases of metastasis, but are not considered neoplastic themselves. However, we recently reviewed evidence showing that many human metastatic tumors also contain neoplastic cells with macrophage properties. 14, 28, 55 It is not easy to distinguish neoplastic from non-neoplastic macrophages in the inflamed tumor microenvironment, as both cells are similar in gene expression, morphology, and function. 14, 55, 56 In contrast to the view that macrophages serve as accessories or cellular chaperones for the metastatic cascade of neoplastic stem cells, we consider the metastatic cells themselves as derived from macrophages or other similar cells of myeloid origin.
D. Myeloid Cell Origin of Metastasis
According to our hypothesis, metastatic cancers arise from respiratory insufficiency in myeloid cells or in their lineage descendants, e.g., macrophages, dendritic cells, or lymphocytes. 14 Chronic inflammation in the microenvironment can damage mitochondrial respiration in activated macrophage. 14, 57, 58 Many metastatic cancers express aerobic glycolysis (Warburg effect), which can be detected in PET scans. 14, 59 Aerobic glycolysis in tumor cells arises ultimately from insufficient respiration. 14 Fusion hybridization between macrophages and non-metastatic cancer stem cells also blurs the boundaries between the nuclear and cytoplasmic contribution to the metastatic phenotype. 14, 31 Before tackling these issues, it would be good to first consider the evidence that metastatic cancer cells can arise from myeloid cells
As an alternative or complimentary hypothesis to the view that normal macrophages facilitate the metastatic spread of neoplastic stem cells; the myeloid hypothesis of metastasis suggests that metastatic cancer cells arise directly from cells of myeloid origin or from hybrid cells following fusion between macrophages and non-metastatic stem cells. 14, 28, 39, 55 The myeloid cell origin of metastasis would also encompass the macrophage fusion hypothesis of metastatic cancer, since it is the properties of macrophages that contribute to the metastatic cascade. 60, 61 Myeloid cells are already mesenchymal cells and would not, therefore, require the complicated genetic mechanisms proposed for the EMT in order to metastasize. Macrophages arise from the myeloid lineage and have long been considered the origin of human metastatic cancer. 17, 28, 60, [62] [63] [64] Macrophages can fuse with epithelial cells within the inflamed microenvironment thus manifesting properties of both the epithelial cell and the macrophage in the fusion hybrids. 31, 65, 66 The origin of metastatic cancer from hematopoietic stem cells or yolk sac-derived macrophages is also consistent with the myeloid cell hypothesis. 67 The uncontrolled growth of these cells can arise following respiratory damage in their homotypic fusion hybrids. In his recent review on metastasis, David Tarin states: "..it would appear that tumour metastasis first appears in the lower chordates in parallel with the origin of lymphocytes and this may indicate that metastasis cannot occur until an organism has evolved the genes for lymphocyte trafficking." 1 According to our hypothesis, it is hematopoietic stem cells themselves or their lineage descendants that become the metastatic cells either through direct transformation in the inflamed microenvironment or through their fusion with neoplastic tumor cells.
It is important to mention that metastatic cells of macrophage origin are generally not found in rodent tumor transplant models. Most macrophages seen in chemically-induced tumors are derived from TAM, as we previously showed in experimental mouse brain tumors grown either orthotopically or subcutaneously in the flank. 68, 69 We have suggested that rodent tissues respond to tumor implants as if they were an acute infection or wound. 14 This would involve invasion of TAM and activation of local macrophages. It is also possible that fusion hybrids would form between tumor cells and host macrophages, but this might not cause damage to the macrophage mitochondria. In contrast to the acute situation in mice, neoplastic transformation is a protracted process in humans. Murine myeloid cells respond acutely to the tumor implant, whereas human myeloid cells in the inflamed microenvironment respond chronically to the tumor initiating insult. It is not clear why highly metastatic carcinomas, similar to those seen in humans, are rarely found in experimental rodent tumors. There are, however, some exceptions. It is possible under some circumstances to create chronic environments through repeated transplantations that can give rise to fusion hybridizations with metastasis as an eventual outcome. 39, 70 
IV. MACROPHAGES AND METASTASIS
Macrophages are among the most versatile cells of the body with respect to their ability to migrate, to change shape, and to secrete growth factors and cytokines. 14, 39, [71] [72] [73] These macrophage behaviors are also the recognized behaviors of metastatic cells. 14 Macrophages manifest two distinct polarization phenotypes: the classically activated (M1 phenotype) and the alternatively activated (M2 phenotype). Macrophages acquire the M1 phenotype in response to pro-inflammatory molecules and release inflammatory cytokines, reactive oxygen species, and nitric oxide. 30, 46, 48, [74] [75] [76] In contrast, macrophages acquire the M2 phenotype in response to anti-inflammatory molecules such as IL-4, IL 13, IL-10 and to apoptotic cells. 46, 77 M2 macrophages promote tissue remodeling and repair, but are immunosuppressive and poor antigen presenters. 48 Although the M1 and the M2 macrophages play distinct roles during tumor initiation and malignant progression, macrophage-epithelial cell fusions can involve either activation state.
M1 macrophages facilitate the early stages of tumorigenesis through the creation of an inflammatory microenvironment that can produce nuclear and mitochondrial damage. 50, 78 However, TAM can also undergo a phenotypic switch to the M2 phenotype during tumor progression. 46, 78 The TAM population comprising M2 macrophages scavenge cellular debris, promote tumor growth, and enhance angiogenesis. M2 macrophages also fuse with tumor cells, thus, expressing characteristics of both cell types. It has always been difficult to know for certain, however, whether TAM are part of the normal stroma or are part of the malignant cell population. 28, 55 This is especially the case in human cancers. 56 Increasing evidence suggests that many of the myeloid/macrophage cells seen within human tumors are also part of the malignant cell population. Aichel first proposed over a century ago that tumor progression involved fusion between leukocytes and somatic cells. [1] [2] [3] [4] [5] Several human metastatic cancers express multiple molecular and behavioral characteristics of macrophages including phagocytosis, cell-cell fusion, and antigen expression (Table 1) . Tarin also considers the expression of osteopontin and CD44 as important for the regulatory gene group/network associated with metastasis. 1 This is interesting as there is strong evidence that both osteopontin and CD44 are expressed in monocytes and macrophages under various physiological and pathological states. [79] [80] [81] We argued that an origin of metastatic cancer from myeloid cells could account for many mesenchymal properties of metastatic cancers. 14, 28 It is not, therefore, necessary to invoke an EMT to account for metastasis.
Interestingly, macrophages express most hallmarks of metastatic tumor cells when responding to tissue injury or disease. For example, monocytes (derived from hematopoietic bone marrow cells) extravasate from the vasculature and are recruited to the wound via cytokines released from the damaged tissue. 28, 30 Within the wound, monocytes differentiate into alternatively-activated macrophages and dendritic cells where they release a variety of pro-angiogenic molecules including vascular endothelial growth factor, fibroblast growth factor, and platelet derived growth factor. 30, 82, 83 M2 macrophages also actively phagocytize dead cells and cellular debris. 30, 73 On occasion, macrophages undergo homotypic fusion resulting in multinucleated giant cells with increased phagocytic capacity. 63, 84, 85 Following these wound-healing activities, macrophages intravasate back into the circulation where they travel to the lymph nodes to participate in the immune response. 73, 86, 87 Some phagocytic macrophages also migrate to lymph nodes and differentiate into dendritic cells. 88 These findings indicate that normal macrophages are capable of expressing all hallmarks of metastatic cancer cells including tissue invasion, release of pro-angiogenic molecules/cytokines, survival in hypoxic and necrotic environments, intravasation into the circulatory/lymphatic systems, and extravasation from these systems at distant locations. An EMT is not necessary to explain these behaviors, as they are already the evolutionary programmed behaviors of macrophages.
A. Phagocytosis is a Shared Behavior of Macrophages and Many Metastatic Cancer Cells
Phagocytosis involves the engulfment and ingestion of extracellular material, and is a specialized behavior of M2 macrophages and other professional phagocytes. 73, 89 This process is essential for maintaining tissue homeostasis by clearing apoptotic cells, cellular debris, and invading pathogens. Like M2 macrophages, many malignant tumor cells are phagocytic both in vitro and in vivo (Table 1) . Tumor cell phagocytosis was first described from histopathological observations of foreign cell bodies within the cytoplasm of cancer cells, which displayed crescent-shaped nuclei. 60 This cellular phenotype resulted from the ingested material pushing the nucleus to the periphery of the phagocytic cell. These cells were commonly referred to as either "birds-eye" or "signet-ring" cells. 90, 91 While this phagocytic/cannibalistic phenomenon is commonly seen in feeding microorganisms, cell cannibalism is also seen in malignant human tumor cells. [90] [91] [92] [93] Fais and colleagues provided dramatic evidence of tumor cell phagocytosis in showing how malignant melanoma cells eat T-cells. 91 This is remarkable as T-cells are thought to target and kill tumor cells.
There is also evidence that some tumor cells can eat natural killer cells. 92 If macrophagederived metastatic cells can eat T-cells and possibly natural killer cells, then it is possible that immune therapies involving these cells might not be effective for long-term management of some metastatic cancers. Indeed, cancer immunotherapies have had little impact in reducing the yearly death rate from advanced metastatic cancers. 14 It is not often mentioned how potential immunotherapies for melanoma and other cancers might deal with the issue of phagocytic metastatic macrophages. 14, 94 Melanocytes are the resident macrophages of the skin. Expression of cathepsins B and D are elevated in the phagocytic melanoma cells just as they are in malignant melanomas. 93 These tumor cell phagocytic/cannibalistic behaviors are not to be confused with autophagy; a cellular self-digestion process often associated with starvation conditions. 90, 95, 96 Many human cancers and some murine cancers can phagocytize other tumor cells, erythrocytes, leukocytes, platelets, and dead cells, as well as extracellular particles (Table 1) . Hence, phagocytosis appears similar in resident skin macrophages and in malignant melanoma.
Cancers with Phagocytic
Behavior-Numerous reports have described the phagocytic behaviors seen in aggressive human cancers (Table 1) . We previously identified two spontaneous invasive/metastatic murine brain tumors (VM-M2 and VM-M3) that express many macrophage characteristics including phagocytosis. 14, 39 These metastatic tumor cells engulf fluorescent beads. One of the more interesting features of these natural mouse brain tumors was their metastatic behavior when grown outside the central nervous system. The cells spread to multiple organ systems following implantation into most extracranial sites. While extracranial metastasis of central nervous system tumors is not common, many gliomas, especially glioblastoma multiforme (GBM), are highly metastatic if the tumor cells gain access to extraneural tissue. 14, 55 Indeed, several investigators have documented the metastatic behavior of malignant brain cancers, especially GBM. 39, 55, [97] [98] [99] [100] [101] [102] The VM-M2 and VM-M3 tumors replicate this feature of GBM behavior.
One report showed that recipients of organs from a donor with GBM developed metastatic cancer. 103 This indicates that neoplastic cells from this GBM metastasized from the brain and infiltrated extraneural tissues without detection. As extraneural tissues often are not examined in patients dying from GBM, it is not clear if this was a rare event or was part of a more general phenomenon. 14 Brent Reynolds, a leader in the stem cell field, mentioned that circulating metastatic cells are not uncommon in GBM patients (personal communication). Moreover, extracranial metastasis of brain tumors portends an extremely poor survival, with the vast majority of patients surviving less than 6 months from the diagnosis of metastatic GBM disease. 104 The widely held view that metastasis does not occur for GBM should be reevaluated. 14, 102 Many GBM patients often die prior to detection of systemic metastasis. Thus, GBM patients should not donate their organs for transplantation.
While it might be difficult to prove a myeloid origin of invasive GBM cells, substantial evidence shows that subpopulations of neoplastic GBM cells display the phagocytic behavior of macrophages/microglia. 14, 55 As microglia are the resident macrophages of the brain, we considered that some of the cells in these tumors could arise from neoplastic microglia/macrophages. 37, 45, 55 GBM, like many advanced metastatic human cancers, contain mixtures of numerous neoplastic cell types, many of which have mesenchymal properties and are of unknown cellular origin. [105] [106] [107] Indeed, the original nineteenth century observations of Virchow (1863/1865) described glioblastomas as gliosarcomas of mesenchymal origin. 108 While numerous mesenchymal cells are frequently seen in GBM, the specific classification of all tumor cell types within human GBM remains ambiguous at best. 14, 55, 105, [109] [110] [111] According to our hypothesis, many of the neoplastic mesenchymal cells seen in GBM arise from transformed macrophages or microglia that fuse with neoplastic stem cells. 14, 55 Such hybrid cells would represent the most invasive neoplastic cells within the tumor. It also appears that bevacizumab (Avastin®) selects for the most invasive cells within GBM. 14, 112 This could account for why tumor recurrence following bevacizumab therapy is universally fatal. 14, 113 Complicated EMT explanations for the mesenchymal properties of GBM are unnecessary once it becomes recognized that the same properties can arise from neoplastic transformation of microglia/macrophages. Phagocytic behaviors have been reported for many human cancers including skin, breast, lymphoma, lung, brain, ovarian, pancreatic, renal, endometrial, rhabdomyosarcoma, myeloma, fibrosarcoma and bladder (Table 1) . For most of these tumors, the phagocytic phenotype was restricted primarily to those cells that were also highly invasive and metastatic. 39, 93, [114] [115] [116] [117] [118] [119] [120] [121] [122] Hence, the most potentially deadly cells within tumors are those with macrophage properties.
Lugini and co-workers measured the phagocytic behavior of cell lines derived from primary human melanomas and metastatic lesions. 122 The phagocytic behavior in all of the cell lines derived from metastatic lesions was similar to that of the macrophage controls, whereas phagocytic behavior was not found in any of the cell lines derived from primary melanomas. 122 Histological examination of in vivo metastatic melanoma lesions confirmed the presence of phagocytic tumor cells. 93 The phagocytic properties of tumor cells suggest an origin from macrophages or other professional phagocytes. 28 Numerous phagocytic tumor cells were identified within metastatic breast cancer lesions and were not observed within the primary tumor of the same patient. 119 This is similar to the appearance of phagocytic signet ring cells observed in secondary metastatic lesions in other breast cancer patients. 123 Additionally, the number of phagocytic tumor cells present within the tumor stroma correlates with breast cancer malignancy and grade. 124 Hence, phagocytosis is a common macrophage phenotype seen in many metastatic human cancers. 14, 28 B. Metastatic Behavior of the RAW 264.7 Mouse Macrophages RAW 264.7 cells are considered a normal mouse macrophage cell line and are widely used to study a broad range of macrophage properties. 14 RAW 264.7 cells were transformed with Abelson leukemia virus and derived from BALB/c mice. It is known that viruses damage mitochondrial function, which is the initial event in the transformation of a normal cell to a neoplastic cell. 14 We used the RAW 264.7 cells as a control cell line for our metastatic VM-M2 and VM-M3 metastatic cancer cells. 39 Using fluorescent microspheres, we found that the phagocytic activity of the metastatic VM-M2 and VM-M3 tumor cells was similar to that of the RAW 264.7 macrophage cell line. 39 Not only were there similarities between the RAW cells and the metastatic VM tumor cells for phagocytic behavior, but also these cells were similar in their morphology, gene expression, and lipid composition. 39 How was it possible that the RAW macrophages could be so similar to the metastatic VM cells, yet be considered normal cells by some investigators? To determine whether the RAW cells were tumorigenic or non-tumorigenic, we implanted the RAW 264.7 cells subcutaneously into the flanks of immunodeficient BALB/SCID mice. The RAW cells not only formed tumors, but also showed systemic metastasis. 14 We discovered that the RAW 264.7 macrophage cell line is highly metastatic following intracerebral and subcutaneous transplantation into SCID mice. The metastatic properties of the RAW 264.7 cells are similar to those of our VM-M2 and VM-M3 cell lines in forming metastases in lung, liver, spleen, and kidney. 14, 39 The metastatic behaviors of the RAW cells also appear similar to the metastatic behaviors of the tumors described by Kerbel and colleagues. 125, 126 Like the VM-M2 and VM-M3 tumor cell lines, the RAW 264.7 cells express little ganglioside GM3 and metastasize to multiple organ systems (liver, spleen, kidney, lung, and brain) when grown subcutaneously outside the brain. 39 Ganglioside GM3 inhibits angiogenesis and blocks tumor cell invasion. 39, 127 These findings provide further evidence showing that cells with macrophage properties can give rise to metastatic cancer regardless of how the cells are classified.
C. Fusogenicity is a Shared Behavior of Macrophages and Many Metastatic Cancer Cells
Fusogenicity is the ability of a cell to fuse with another cell through the merging of their plasma membranes. 31, 84, 85 This process can arise in vitro as is seen with the formation of antibody-producing hybridomas. However, fusion in human cells is a highly regulated process that is essential for fertilization (sperm and egg) and skeletal muscle (myoblasts) and placenta (trophoblast) formation. 14, 128 Outside of these developmental processes, cell-to-cell fusion is normally restricted to differentiated cells of myeloid origin. 129 During differentiation, subsets of macrophages fuse with each other to form multinucleated osteoclasts in bone or multinucleated giant cells in response to foreign bodies. 63, 84 Osteoclasts and giant cells have increased cell volume that facilitates engulfment of large extracellular materials. 63 Macrophages are also thought to fuse with damaged somatic cells during the process of tissue repair. 31, 63, 84, 85, 129, 130 In addition to homotypic fusion, macrophages are known to undergo heterotypic fusion with tumor cells. 17, 31, 63, 65, 131, 132 Aichel first suggested that fusion between somatic cells and leukocytes could induce aneuploidy resulting in tumors with increased malignancy. 64 Mekler and Warner later proposed that fusion of committed tumor cells with host myeloid cells would produce tumor hybrids capable of migrating throughout the body and invading distant organs. 28, 133, 134 Recent studies from Wong and co-workers described how macrophages fuse with tumor epithelial cells. 31, 135 Besides inflammation, radiation also increases the fusion hybrid process. 135 It possible that decreased long-term survival in some irradiated cancer patients results from enhanced production of macrophage-epithelial fusion hybrids. 14 We have stated that the human brain should rarely if ever be irradiated. 14, 136 It is our opinion that radiation therapy will contribute to recurrence of brain tumors and possibly to the recurrence of other cancers including those from breast, rectum, and bladder. 14, 56, 61, 137, 138 Pawelek and colleagues strongly favor the fusion hypothesis for the origin of metastatic cancers. 60, 64, [139] [140] [141] [142] [143] [144] They provide compelling evidence showing that fusion hybrids could account for the diversity of cell phenotypes observed within tumors. Fusion between neoplastic tumor cells and myeloid cells, with subsequent nuclear fusion, could produce new phenotypes in the absence of new mutations, as the hybrids would express genetic and functional traits of both parental cells. 64 These neoplastic hybrids would express the macrophages characteristics to intravasate, extravasate, and migrate to distant organs while also possessing the unlimited proliferative potential of the cancer cells. Since myeloid cells are part of the immune system, it would be easy to see how tumor hybrids would also be able to evade immune surveillance. 14 1. Fusogenic Tumor Cells-Many tumor cells are fusogenic. 132 Fusogenic tumor cells are found in a wide-variety of cancer types including, melanoma, breast, renal, liver, gall bladder, lymphoma and brain (Table 1) . Tumor cell hybrids can form either in vitro or in vivo from fusions between two tumor cells or between a tumor cell and a normal somatic cell. One of the first reports of tumor cell fusion hybrids showed that human glioma cells, when implanted within the cheeks of hamsters, spontaneously fused with non-tumorigenic host cells, resulting in metastatic hybrid humanhamster tumor cells. 145 Goldenberg and coworkers recently described how several genes including that for CXCR4 could be transferred horizontally from glioblastoma cells to non-tumor cells of the hamster leading to enhanced metastasis and tumor progression. 70 This is interesting in light of our findings that CXCR4 is expressed in our highly metastatic VM-M2 macrophage/microglial tumor cells. 15, 39 Many of the early reports for fusogenic cancers described fusions between lymphomas and myeloid cells. For example, spontaneous in vivo fusion between the nonmetastatic murine MDW4 lymphoma and host bone marrow cells resulted in aneuploid metastatic tumor cells. 28, 125 Seyfried recently proposed that the horizontal transfer of information from one cell to another during tumor progression was an example of Lamarckian inheritance and that the evolutionary concepts of Lamarck could better explain tumor progression than those of Darwin. 14 Munzarova, et al., recognized that numerous traits expressed in macrophages were also expressed in metastatic melanoma cells and suggested that the tumor metastasis could result from fusions between tumor cells and macrophages. 62, 146 Pawelek and co-workers showed that the majority of macrophage-melanoma hybrids displayed increased metastatic potential when grown in vivo. 64 Further studies revealed that Cloudman S91 melanoma cells underwent spontaneous fusion with the murine host cells in vivo resulting in secondary lesions that were comprised mostly of tumor-host cell hybrids. The fusion of tumor cells with host myeloid cells was a compelling explanation. 141 Artificial fusions of human monocytes and mouse melanoma cells revealed that the resulting hybrids expressed both human and mouse genes. 64 Other investigators also showed that the macrophage-specific antigens F4/80 and Mac-1 were expressed in murine Meth A sarcoma cells after spontaneous in vivo fusion with host cells. Interestingly, latex bead phagocytosis was also expressed in the Meth A sarcoma-host cell fusion hybrids. 147 Since these fusion hybrids expressed genotypes and phenotypes of both parental cells, it appears that the nonmetastatic tumor cells could acquire an invasive/metastatic phenotype without new mutations. Such findings are at odds with the somatic mutation theory of cancer and with the EMT hypothesis of metastasis.
It is well documented that tumor-associated macrophages promote tumor progression through the release of cytokines, and pro-angiogenic and pro-metastatic molecules. 37, 42, 50, 51 However, the fusion of cancer cells with tissue macrophages could also accelerate tumor progression. Fusion among tumor cells in human solid tumors is difficult to detect. Several reports provide evidence for fusions between tumor cells and myeloid cells in human bone marrow transplant (BMT) recipients. 142, 143 Such fusions would accelerate tumor progression as illustrated from the recent work of Goldenberg and colleagues. 70 Wong and colleagues recently conducted parabiosis experiments, where one mouse is surgically attached to another mouse, to show how bone marrow-derived cells of one mouse fuse with intestinal tumor cells of the other mouse. 14,31 Moreover, they identified the macrophage as the driver for this process. They also showed that the fused hybrid cells retained a transcriptome identity characteristic of both parental derivatives, while also expressing unique transcripts. 31 These findings show how fusions between macrophages and tumor cells, within the inflamed wound environment, could give rise to the metastatic phenotype of cancer cells thus enhancing tumor progression.
It is important to recognize that both radiation therapy and immuno-suppression can increase the incidence of metastatic cancers. 148 DNA analysis of micro-dissected metastatic cells from a child diagnosed with renal cell carcinoma after a bone marrow transplant revealed DNA from both the BMT donor and the recipient in the metastatic cells. 143 Bone marrow and tumor cell hybrids were also identified in a female who developed renal carcinoma after receiving a BMT from a male donor. 142 These reports provided further compelling genetic evidence that spontaneous fusions can occur between human myeloid cells and tumor cells.
It should not therefore be surprising that radiation therapy might exacerbate disease progression and metastasis in some cancer patients. 14, 61, 137, 149 Macrophage-macrophage fusions could also induce aneuploidy in the fused hybrids. 144, 150 The numerous in vitro studies and in vivo reports suggest that myeloid hybrids could be responsible for the metastatic progression of numerous cancers. 14 Multinucleated giant cells, a signature of hybrid formation, are frequently seen in human cancers suggesting that cell fusions are not rare events ( Table 1) . Regardless of the mechanism, metastatic cells express numerous behaviors of mesenchymal/myeloid cells and, if exploited, could generate novel therapeutic strategies for managing metastatic cancers as we recently described. 14 
D. Myeloid Biomarkers Expressed in Tumor Cells
Myeloid cells express a wide variety of biomarkers that are unique to their ontogeny and function. 151 Routine histological and immuno-histochemical analyses are often preformed to assess tumor type and grade. Since TAMs are often correlated with a poor patient prognosis, tumor biopsies are frequently evaluated for macrophage markers. Although TAM are generally thought to comprise the macrophage antigen-expressing cells observed within the tumor stroma, several reports show that macrophage-specific antigens and biomarkers are also expressed on a wide variety of human cancer cells ( Table 1) .
One of the more interesting studies was that of Ruff and Pert, who demonstrated that several macrophage antigens (CD26, C3bi and CD11b) were expressed on the tumor cells from small cell lung carcinoma (SCLC). 28, 152 Levels of expression were comparable to that seen in the monocyte controls. It is important to note that the macrophage antigens were also expressed in the cultured tumor cells themselves. This tumor cell expression was confirmed from in vivo tissue preparations. This eliminated the possibility that the antigen expression was derived from TAM. These investigators concluded that the SCLC tumor cells in their specimens were not of lung epithelial origin, but rather were of "myeloid origin". A malignant transformation of recruited myeloid cells, from smoking-related tissue damage, was offered as an explanation for the origin of tumor cells with myeloid/macrophage properties, 152 although this interpretation was controversial. 153, 154 The authors provided additional data and a convincing argument supporting a macrophage origin. 155 The findings of Ruff and Pert that myeloid-cell phenotypes were expressed in SCLC were confirmed in other independent studies of this tumor type. 154, 156 In light of the above discussion, it is also possible that the myeloid properties of the SCLC were derived from fusions of macrophages and neoplastic lung epithelial cells.
Besides SCLC, myeloid-associated antigens (CD14 and CD11b) were also expressed in five metastatic breast cancer cell lines. 153 None of the breast cancer cell lines, however, expressed markers for B-cells or T-cells. 153 The authors suggested that common antigen sharing between different cell types could be related to common cellular interactions. 153 Further evidence for a mesenchymal origin of metastatic cancer comes from tissue microarray analysis of 127 breast cancer patients. 137 The CD163 macrophage scavenger receptor was expressed on the tumor cells of 48% of the patients, while MAC387 macrophage marker was expressed on the tumor cells of 14% of the patients. 137 Pathology confirmed that the staining was localized to the tumor cells and not solely to the tumor infiltrating macrophages. Interestingly, cancers that contain CD163-expressing tumor cells have a more advanced histological grade, enhanced metastasis, and reduced patient survival. 137 This report demonstrated, for the first time, that tumor cells expressing macrophage antigens could be identified in more than half of breast cancer patients. Similar studies were conducted on patients with bladder and rectal cancer. 56, 137 As in breast cancer patients, CD163 was expressed on tumor cells in many patients with bladder and rectal cancer. 56, 137 Moreover, CD163 expression was found in 31% of the rectal tumors from patients in the preoperative irradiation group, but was expressed in only 17% in the non-irradiation group. Prognosis was also worse for those patients with CD163-positive cancer cells than in those patients with CD163-negative cancer cells. Inflammation and radiation is known to enhance formation of macrophage epithelial cell fusion hybrids. 157 In addition to these studies on human cancers, Maniecki and co-workers showed that expression of CD163 could be a common phenotype of many metastatic cancers arising from heterotypic cell fusions between tumor cells and macrophages. 56 The findings in these metastatic cancers are consistent with the origin of metastatic cells from transformed macrophages or from macrophage fusion hybrid cells, which are increased from radiation and inflammation.
These findings provide additional evidence that radiation therapy can be counter productive to long-term survival of patients. 14, 61 Although radiation therapy can help some cancer patients, radiation therapy will also enhance mitochondrial damage and fusion hybridization thus potentially making the disease much worse. These findings are consistent with the role of radiation in inducing tumor cell-macrophage fusions and in exacerbating the metastatic properties of some cancers. 61, 137, 157 It also appears that some anti-angiogenic drugs like bevacizumab and cediranib actually increase the number of invasive cells with macrophage properties in brain tumors. 14, 49, 112, 158 In light of the findings presented here, we suggest that these drugs select for invasive tumor cells with macrophage properties. 14 This would not be beneficial to patients. Viewed together, these studies demonstrate that macrophage antigens, which are associated with enhanced metastasis and poor prognosis, are expressed on the tumor cells of patients with breast, bladder, rectal cancers, and brain cancers.
Cathepsins, Ezrin
, and E-Cadherin-Macrophages express high levels of lysosomal-enriched cathepsins, which facilitate the digestion of proteins ingested following phagocytosis or pinocytosis. 14, 159, 160 This is interesting since lysosomal cathepsins D and B are viewed as prognostic factors in cancer patients. 93, 160 Indeed, a high content of these enzymes in tumors of the head and neck, breast, brain, colon, or endometrium was considered a sign for high malignancy, high metastasis, and overall poor prognosis. 160 Besides the cathepsins, activated macrophages also express ezrin as part of a protein complex with radixin and moesin. 161 The ezrin-radixin-moesin is a family of molecules that play essential roles in tissue remodeling by linking the cell surface with the actin cytoskeleton and facilitating signal-transduction pathways. 14, 162 There is increasing awareness that ezrin is also expressed in metastatic cancer cells suggesting an important role in metastatic phenotype of cancer cells. 91, [163] [164] [165] [166] The transition from the epithelial to the mesenchymal phenotype is associated with downregulation of the cell adhesion molecule, Ecadherin. 18 It is important to recognize that E-cadherin is either unexpressed or expressed in low levels in macrophages. 167, 168 Viewed collectively, these findings provide further evidence linking macrophage phenotypes with the properties of metastatic cancers.
Anemia and Increased Hepcidin in Metastatic
Cancer-Iron deficient anemia is a co-morbid trait in many patients with metastatic cancers. 169, 170 Hepcidin is a key regulator of iron metabolism and plasma iron levels by controlling the efflux of iron from enterocytes, hepatocytes, and macrophages and by internalizing and degrading the iron exporter, ferroportin. 171 Hepcidin might contribute to the systemic anemia in colorectal cancer patients by acting at the level of the macrophage. 169 Activated macrophages express IL-6, which induces expression of hepcidin. Macrophages are the major cell type responsible for systemic iron recycling. 169, 172 The Ward, et al., findings are therefore consistent with our hypothesis that metastatic cancer is a disease of myeloid cells especially macrophages. 14, 28, 55 Many characteristics of metastatic cancers can be explained once it becomes recognized that metastatic cancer is a macrophage metabolic disease. Hence, iron deficient anemia should not be unexpected for metastatic cancers derived from transformed macrophages or macrophage fusion hybrids.
E. Carcinoma of Unknown Primary Origin
Carcinoma of unknown primary (CUP) is a systemic metastatic disease without an identifiable primary tumor and is often associated with poor prognosis. Approximately 5% of all newly diagnosed cancers are classified as CUP. 173, 174 These cancers are often classified as adenocarcinomas, squamous cell carcinomas, poorly differentiated carcinoma, and neuroendocrine carcinomas. 173, 174 It is thought that these cancers metastasize before the primary tumor has had time to develop into a macroscopic lesion. 174 Signet-ring cells were found in some CUP indicating that subsets of these cancers exhibit phagocytic behavior like other metastatic cancers. 175 Interestingly, aneuploidy was identified in 70% of CUP adenocarcinomas, but was not found in about 30% of the tumors. 176 Aneuploidy can arise in part from cell fusion events. 125 Survival was better in patients with aneuploid tumors than with diploid tumors showing that patients with diploid tumors do not have a more favorable prognosis. This is interesting and is consistent with findings that aneuploidy actually slows cell growth. 14, 177, 178 Due to their high aggressiveness, we suggested that some CUPs could arise from macrophage fusion hybrids. 14,28
F. Many Metastatic Cancers Express Multiple Macrophage Properties
The evidence presented here and in our recent review show that many metastatic cancers express multiple myeloid characteristics (Table 1 ). For instance, many phagocytic or fusogenic tumors also express myeloid antigens further supporting a myeloid origin of these metastatic cancers. It is important to mention that the myeloid properties are expressed in the tumor cells themselves and should not be confused with myeloid properties expressed in TAM, which are also present in the tumors but are not part of the neoplastic cell population. 14 The Pawelek, Lazebnik, and Wong groups have amassed compelling evidence that cell fusion events involving macrophages can give rise to cells that metastasize. 14, 31, 132, 144, 179, 180 In contrast to the EMT/MET explanation of metastasis, the macrophage cell fusion explanation of metastasis does not require the induction and reversion of extremely complicated gene regulatory systems. The macrophage origin of metastasis can account for most observations related to the disease. 14 
V. LINKING METASTASIS TO MITOCHONDRIAL DYSFUNCTION
Substantial evidence now indicates that nearly all cancers are a type of mitochondrial disease arising from respiratory insufficiency. 14, 181 This damage leads to fermentation as a compensatory source of energy according to the original theory of Warburg. 14, 182, 183 When permanent respiratory damage occurs in cells of myeloid origin including hematopoietic stem cells and their fusion hybrids, metastasis would be a potential outcome. 14 It is not necessary to blame mutations or to invent complicated genetic regulatory systems to explain the phenomenon of metastasis.
Numerous studies indicate that mitochondria from a broad range of metastatic cancers are abnormal and incapable of generating energy through normal respiration. 14, 184, 185 Energy through fermentation is the single most common hallmark of all cancer cells including those with metastatic potential. This phenotype arises from mitochondrial dysfunction. 181 Mitochondrial damage can arise in any cell within the inflammatory microenvironment of the incipient tumor including TAM, homotypic fusion hybrids of hematopoietic cells, or heterotypic fusion hybrids of macrophages and neoplastic epithelial cells. 14 The end result would be cells with metastatic potential. Although metastatic cells will differ in their morphology from one organ system to the next, they all suffer from the common malady of insufficient respiration. The origin of metastatic cancer from myeloid cells and fusion hybrids can explain the substantial morphological and genetic diversity seen among different tumor types. 132 Metastasis can arise in macrophage fusion hybrids that sustain irreversible mitochondrial damage (Fig. 4) .
A. Respiratory Damage in Macrophage Fusion Hybrids
Substantial evidence indicates that normal mitochondrial function suppresses tumorigenesis. 14 Cytoplasm containing mitochondria with normal respiratory function can suppress tumorigenicity despite the continued presence of the tumor cell nucleus. 14 These findings indicate that nuclear gene mutations alone cannot account for the origin or progression of cancer. How do these findings relate to the origin of metastatic cancer cells following macrophage fusions with other cells? If normal macrophages fuse with neoplastic stem cells, it might be anticipated that normal respiratory function of the macrophages would suppress tumorigenicity in the fused hybrid. 14 Although normal respiration would initially suppress tumorigenicity in fused hybrids, persistent or recurrent inflammation in the microenvironment will eventually damage the majority of mitochondria in the fused hybrids, thus initiating the path to metastasis. 14 As macrophages evolved to survive in hypoxic and inflammatory environments, considerable time and iterative damage to respiration would be necessary to initiate tumorigenesis in the fusion hybrids. It is also noteworthy that radiation exposure would not only enhance fusion hybrid formation, but would also damage respiration thus leading to compensatory fermentation and the onset of tumorigenesis. It should not be surprising why long-term survival is reduced or why more aggressive tumors recur in many patients that receive radiation to treat their cancers. 14 As respiration is responsible for maintaining genomic stability and the differentiated state, respiratory insufficiency will eventually induce the default state of unbridled proliferation and genomic instability. 14, 181 If this occurs in cells of myeloid origin like macrophages, then emergence of cells with enhanced metastatic potential would be a predicted outcome. Macrophages are genetically programmed to exist in the circulation and to enter and exit tissues. 186 The dysregulated behavior of these cells through corrupted energy metabolism would have dire consequences. Oncogene activation and tumor suppressor-gene inactivation are required to maintain energy production through fermentation following irreversible injury to oxidative phosphorylation. 14 Enhanced glucose uptake seen in metastatic lesions under PET scanning is indicative of enhanced glycolysis and abnormal energy metabolism.
VI. THE "SEED AND SOIL" HYPOTHESIS IN LIGHT OF THE MACROPHAGE ORIGIN OF METASTASIS
It is well documented that metastatic tumor cells do not invade distant organs randomly. Rather, metastatic cancer cells invade in a non-random pattern with lung, liver, and bone as primary sites of metastases. 2, 3 The English surgeon, Stephen Paget, was the first to record this phenomenon in his "seed and soil" hypothesis of breast cancer metastasis. 3, 187 He proposed that certain tumor cells (the seed) have a preferential affinity to invade certain organs (the soil). 187 None of the current models of metastasis, i.e., the EMT/MET, stem cells, or TAM accessory models, have addressed Paget's "seed and soil" hypothesis. The origin of metastasis as a macrophage disease, however, can address this phenomenon. 14 Although the non-random dissemination of metastatic cancer cells has engaged the attention of numerous investigators for decades, no credible genetic mechanism has been able to account for the phenomenon. 2, 3, 188 The seed and soil hypothesis is extremely difficult to explain if cancer is viewed as a genetic disease. 14, 123, 188 There are simply no clear connections between the non-random invasion of distant organs and the genetic abnormalities found in metastatic cells. 14 On the other hand, a credible explanation of the seed and soil hypothesis emerges if cancer is viewed as a macrophage metabolic disease.
Basically, respiratory insufficiency in cells of myeloid origin can explain the seed and soil phenomenon. 14 This comes from findings showing that mature cells of monocyte origin (macrophages) enter and engraft tissues in a non-random manner. 189 Macrophages are genetically programmed to exist in the circulation and to preferentially enter various tissues during wound healing and the replacement of resident myeloid cells. 186, 189 Some macrophage populations in liver are regularly replaced with bone marrow derived monocytic cells, whereas other macrophage populations are more permanent and require fewer turnovers. 190 It is reasonable to assume that metastatic cancer cells derived from macrophages or fusions of monocytic cells with epithelial cells will also preferentially home to those tissues that naturally require regular replacement of resident macrophages.
This prediction comes from findings that many metastatic cells express characteristics of macrophages. 14, 31 Macrophage turnover should be greater in tissues like liver and lung where the degree of bacterial exposure and the wear-and-tare on the resident macrophage populations is considerable. 191 This could explain why these organs are a preferred soil of many metastatic cancer cells. Bone marrow should also be a common target of metastatic cells because this site is the origin of the hematopoietic stem cells, which give rise to myeloid cells. Liver, lung, and bone are also preferential sites for metastatic spread for the VM mouse tumor cells. 14, 39 This is one reason why the natural tumors in the VM mouse, which preferentially home to these tissues, are an excellent model for metastatic cancer. 14, 39 Because the metastatic cells express insufficient respiration with compensatory fermentation, these cells will enter their default state of proliferation, as would any neoplastic cell. 14, 192 In addition to those organs receiving high macrophage turnover, macrophages also target sites of inflammation and injury. 191 This is interesting in light of findings showing that metastatic cancer cells from lung and breast can appear in the mouth following recent tooth extraction or along needle tracts following biopsy. [193] [194] [195] An unhealed wound is an ideal "soil" for macrophage infiltration. 191, 196 This phenomenon is referred to as inflammatory "oncotaxis" and can explain in part the seed and soil hypothesis. 197 If metastasis were a metabolic disease of myeloid cells, then the appearance of metastatic cells in recent tooth extraction or wounds would not be unexpected. 14 While the mechanistic details of these phenomena will require further examination, the general principle is clear. The non-random pattern of metastasis to visceral organs, bone marrow, and wounds (the soil) is consistent with a macrophage (the seed) origin of metastasis.
VII. REVISITING THE MESENCHYMAL EPITHELIAL TRANSITION (MET)
In contrast to the EMT, the MET involves proliferation and re-expression of epithelial characteristics following extravasation, invasion, and proliferation at distant cites (Fig. 2) . The MET is considered a reversibility of the EMT. 19 It is not clear how a series of somewhat random somatic mutations could orchestrate the sophisticated series of behaviors associated the EMT, and then have these mostly reversed during the MET. However, a myeloid cell origin of metastasis provides a more credible explanation of metastasis than the MET/MET. Metastatic cells arising from myeloid cell fusions would retain the genetic architecture necessary for entering and exiting the circulation at recognized sites. It is not necessary to construct complicated mutation based regulatory systems to explain these phenomena. Macrophages naturally enter and exit the circulatory and lymphatic systems. The circulatory system is not a "hostile" environment for cells in the macrophage lineage, as macrophage precursors, i.e., monocytes, exist naturally in the circulation. These cells also express the cell-surface adhesion molecules (selectins) necessary for extravasation at designated organs. 14 They already express the batteries of metalloproteases necessary for degradation of basement membranes and invasion. When these capabilities occur together with impaired respiration, dysregulated proliferation would be an expected outcome. 14 While these properties certainly implicate myeloid cells as the origin of metastatic cells, the fusogenic properties of myeloid cells can also explain how metastatic cells can recapitulate the epithelial characteristics of the primary tumor at secondary growth sites (Fig. 5 ).
Previous studies of fusion hybrids showed that functional hepatocytes could be derived from bone marrow derived macrophages or myelomonocytic cells following cell fusions. 198 Rizvi, et al., also showed that expression of epithelial characteristics were found in fusion hybrids between bone marrow-derived cells and either normal epithelium or neoplastic intestinal epithelium. 179 More recently, Wong and colleagues showed how macrophage/ epithelial cell hybrids could recapitulate phenotypes of epithelial cells while retaining the properties of macrophages. 31 It is clear that phenotypes of epithelial cells and macrophages can be maintained in fusion hybrids of macrophages and intestinal epithelial tumor cells. Moreover, these characteristics are passed on to daughter cells through somatic inheritance.
Fusions of activated macrophages with epithelial cells in the primary tumor microenvironment will bestow the capability of the fused cells to degrade basement membranes, to enter and exit the circulatory and lymphatic systems, and to recapitulate the epithelial characteristics of the primary tumor at distant secondary sites. The dysregulated growth at secondary sites is the consequence of damaged respiration in theses cells. 14 Hence, the origin of metastatic cells from macrophage fusion hybrids with dysfunctional mitochondria can explain the phenomenon of metastasis (Fig. 5) .
VIII. GENETIC HETEROGENITY IN CANCER METASTASIS
Considerable genetic heterogeneity is observed in comparing tumor tissue from primary growth sites with tissue from distant metastases. 16, 123, 188, 199 Genetic heterogeneity is seen not only between patients with similar tumor histopathology, but also for the tumors growing at different sites within the same patient. 14 Almost every type of genetic heterogeneity imaginable from point mutations to major genomic rearrangements can be found in metastatic and highly invasive cancers including those from breast, brain, and pancreas. 123, 188, [199] [200] [201] The mostly non-uniform distribution of mutations in these tumors is consistent with findings that each neoplastic cell within a given tumor can have a profile of changes uniquely different from any other cell within the tumor. 14, 202 Moreover, if the spread of metastatic cells to some organs (like liver and lung) occurs earlier than spread to other organs, it is possible that genetic heterogeneity would be greater in these organs than in organs that receive metastatic cells later in the disease progression. This is expected if the number of divisions is greater for tumor cells that arrive earlier in these organs than for tumor cells that arrive later in other organs. This could explain why genomic heterogeneity is more diverse in some organs than in other organs or in the primary tumor. 188 These complications can obscure attempts to accurately define the clonal origin of tumor cells.
In their analysis of the genomic heterogeneity observed in pancreatic cancer, Campbell and colleagues conclude that, "the biological pathways underlying these forms of genomic instability remain unclear." 188 As genomic stability is dependent on normal mitochondrial function, 14 it should not be surprising that there is a "richness of genetic variation in cancer" as Campbell and co-workers describe. 188 The richness is the likely consequence of damaged respiration with compensatory fermentation in populations of fusion hybrids that differ from each other in genetic architecture. A non-uniform or random distribution of mutations can arise from the migration of these hybrid cells to other organs. The gene mutations also arise as downstream epiphenomena of respiratory insufficiency coupled with compensatory fermentation. 14 As the linkage of genomic instability to mitochondrial dysfunction was not discussed in any of the cancer genome studies mentioned above, we can only assume that the investigators were unaware of this linkage. It is unfortunate that so many industrious investigators focus so much attention on the genomic instability of tumors, which is largely irrelevant to the disease. Real progress in cancer management will be realized only after the cancer field breaks its addiction to the gene theory and recognizes the centrality of mitochondrial damage in the origin and progression of the disease. 14 
IX. TRANSMISSIBLE METASTATIC CANCERS
Transmissible cancers are those that can be passed from one animal to another through physical contact. The best known is the canine transmissible venereal tumors and the Tasmanian Devil Tumor Disease (DFTD). 203, 204 These tumors often spread from the primary site of contact to distant organs. The metastatic behavior of these transmissible tumors is basically the same as that seen for the non-transmissible human metastatic cancers. Previous studies indicate that the canine transmissible tumors share several features with histocytes, a type of macrophage. 205, 206 Indeed, many of the tumors express characteristics of both macrophages and epithelial cells. Such observations would suggest a clonal origin from a macrophage-epithelial cell fusion hybrid. 14 Murchison and colleagues recently showed that DFTD originated from cells expressing Schwann cell and epithelial characteristics. 204 It is important to mention that hematopoietic bone marrow cells can elaborate Schwann cell-like phenotypes in injury conditions. 207 It is also possible that these transmissible metastatic cancers arise as fusion hybrids involving myeloid cells and epithelial cells. Further studies will be necessary to determine if these metastatic cancers arise from similar mechanisms responsible for the origin of metastasis from macrophageepithelial fusion hybrids.
Like all cancers, mitochondrial dysfunction and respiratory insufficiency would be the expected driver phenotype of these transmissible cancers. However, Tasmanian Devils living in the Western part of the island are resistant to the disease. It appears that the resistance results from a unique DNA polymorphism in the mitochondria of these animals. 204 This is interesting in light of findings showing that transmissible cancers will occasionally acquire mitochondria from the host. 208 This is another example of horizontal gene transfer and Lamarckian inheritance. 14 Is it possible that properties of mitochondria determine the origin of transmissible cancers? Further studies are needed to evaluate the linkage between fusion hybridization and role of mitochondria in the origin of transmissible cancers.
X. THE ABSENCE OF METASTASES IN CROWN-GALL PLANT TUMORS
The crown-gall disease in plants shares many features with tumors in animals. [209] [210] [211] Crown-gall tumors arise form bacterial infections that enter damaged areas of the plant leading to plant cell proliferation. The mechanisms by which bacteria induce crown-gall disease in plants are similar to those by which viruses induce tumors in animals. 14, 211 Robinson first suggested that Warburg's cancer theory might account for the abnormal cell proliferation in crown-gall tumors following bacterial damage to respiration in the affected plant cells. 209 Indeed, defects in mitochondrial morphology and energy metabolism were later described in crown-gall tumors. [212] [213] [214] It is interesting that the crown-gall tumors express four of the Hanahan and Weinberg hallmarks of cancer, i.e., self-sufficiency in growth signals, insensitivity to growth inhibitory (anti-growth) signals, evasion of programmed cell death (apoptosis), and limitless replicative potential. 14 However, these tumors do not express invasion or metastasis. 211 With the exception of metastasis and invasion, the abnormalities in growth and physiology are similar in crown-gall disease and in animal tumors. 14 If metastasis arises from damaged respiration in macrophages or in their fusion hybrids as we discussed above, then it becomes clear why the grown-gall tumors do not display invasion or metastasis despite expressing other hallmarks of tumors. The crown-gall tumors do not metastasize because they do not have macrophages or myeloid cells as part of their immune system. 215 The findings in crown-gall tumors are also consistent with the Tarin's hypothesis, "that metastasis cannot occur until an organism has evolved the genes for lymphocyte trafficking." 1, 14 Plants have not evolved these genes as far as we know. According to our hypothesis, metastasis occurs predominantly in cells that express properties of macrophages.
XI. MANAGING METASTATIC CANCERS
As a metabolic disease, most if not all cancers can be managed by targeting those fuels necessary for their proliferation and survival. The goal is to first transition energy metabolism of all normal cells of the body to ketone bodies, which tumor cells cannot effectively use for energy. 14 It is well documented that most tumor cells require glucose for energy through glycolysis. [216] [217] [218] Glutamine is also a major metabolic fuel for many cells of the immune system including macrophages. 181, 219, 220 We recently showed that the simultaneous targeting of glucose and glutamine under calorie restriction could significantly reduce systemic metastatic cancer in the VM-M2 mouse model. 221, 222 Indeed, targeting these fuels was more effective in blocking metastasis than was using the well-known toxic chemotherapies methotrexate or cisplatin. 223 Once metastatic cancer becomes recognized as a metabolic disease, new and less toxic solutions will emerge for effective management. 14 
XII. CONCLUDING REMARKS
A transition from an epithelial cell to a mesenchymal cell is considered an underlying characteristic of metastasis. However, it is improbable that random mutations acquired through a Darwinian selection process could account for all of the myeloid-cell behaviors necessary for the completion of the metastatic cascade. As an alternative to a series of gainof-function mutations and clonal selection, we propose that the metastatic mesenchymal phenotype arises initially from respiratory damage in macrophages or in epithelialmacrophage fusion hybrids, which is then followed by compensatory fermentation. This would produce the metastatic lesion images seen on PET. Inflammation and radiation damage enhances hybridization while also damaging mitochondrial function over time. It is our opinion that the myeloid origin of metastasis is the most compelling explanation for the origin of metastasis and tumor progression. 14 We anticipate major advances in management of metastatic cancer once this explanation becomes more widely recognized. Proposed mechanisms of macrophage transformation and metastasis. The tumor microenvironment consists of numerous mitochondria damaging elements, which could impair mitochondria energy production in TAM and tissue macrophages. This would eventually produce genetic instability through the mitochondrial stress or retrograde signaling (RTG) response (A). 14, 181 Fusions between macrophages or between macrophages and cancer stem cells could result in cells expressing both the tumor and macrophage genomes (B). The end result would be cells that can survive in hypoxic environments, can proliferate, and can spread to multiple sites through the circulation. Source: Reprinted with permission from 28 .
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FIGURE 5.
Fusion hybrid hypothesis of cancer cell metastasis. According to our hypothesis, metastatic cancer cells arise following direct transformation or following fusion hybridization between neoplastic epithelial cells and myeloid cells (macrophages). Macrophages are known to invade in situ carcinoma as if it were an unhealed wound. This creates a protracted inflammatory microenvironment leading to fusion hybridization between the neoplastic epithelial cell and the macrophage. Fusion hybridization can explain the phenomenon of EMT without invoking new mutations. Inflammation damages mitochondria leading to enhanced fermentation and acidification of the microenvironment. Mitochondrial damage leading to respiratory insufficiency becomes the driver for the neoplastic transformation of the epithelial cell and of the fusion hybrids ( Figure 4 ). As macrophages are already mesenchymal cells that naturally possess the capability to enter (intravasate) and exit (extravasate) the circulation, the neoplastic fusion hybrid will behave as a rogue macrophage. The fusogenic properties of macrophage cells can also explain how metastatic cells can recapitulate the epithelial characteristics of the primary tumor at secondary micrometastatic growth sites. This process can explain the phenomenon of MET without invoking a mutation suppression mechanism. Reprinted with permission from Seyfried and Ling. 14 
